immunotoxin (saporin linked to a nonspecific mouse immunoglobulin G) injections, saline injections into subplate, and kainate injections into layer 4 have no effect on ODCs (5, 16) ( fig. S3 ). Furthermore, control immunotoxin and saline injections do not alter synaptic physiology as assessed in slices ( fig. S5 ). Layer 4 injections of kainate or saline injections into subplate, although right at the site of the disconnection effects and causing mechanical damage from the injection needle, do not disrupt any known aspect of cortical structure or gene expression that have been monitored (5, 16) ( fig. S6) John B. Hogenesch 1,3 † Although mice lacking rod and cone photoreceptors are blind, they retain many eye-mediated responses to light, possibly through photosensitive retinal ganglion cells. These cells express melanopsin, a photopigment that confers this photosensitivity. Mice lacking melanopsin still retain nonvisual photoreception, suggesting that rods and cones could operate in this capacity. We observed that mice with both outer-retinal degeneration and a deficiency in melanopsin exhibited complete loss of photoentrainment of the circadian oscillator, pupillary light responses, photic suppression of arylalkylamine-N-acetyltransferase transcript, and acute suppression of locomotor activity by light. This indicates the importance of both nonvisual and classical visual photoreceptor systems for nonvisual photic responses in mammals.
Russell N. Van Gelder, 5, 6 John B. Hogenesch 1,3 † Although mice lacking rod and cone photoreceptors are blind, they retain many eye-mediated responses to light, possibly through photosensitive retinal ganglion cells. These cells express melanopsin, a photopigment that confers this photosensitivity. Mice lacking melanopsin still retain nonvisual photoreception, suggesting that rods and cones could operate in this capacity. We observed that mice with both outer-retinal degeneration and a deficiency in melanopsin exhibited complete loss of photoentrainment of the circadian oscillator, pupillary light responses, photic suppression of arylalkylamine-N-acetyltransferase transcript, and acute suppression of locomotor activity by light. This indicates the importance of both nonvisual and classical visual photoreceptor systems for nonvisual photic responses in mammals.
The eye is the principal mediator of light input to the central nervous system in mammals. In addition to vision, the eye mediates several nonvisual responses to light, including photoentrainment of the circadian oscillator, constriction of the pupil, acute suppression of pineal melatonin, acute suppression of activity (masking) in nocturnal mammals, and regulation of sleep latency. Many of these responses persist in mice that are visually blind from outer-retinal degeneration but are abolished by bilateral enucleation of the eyes (1) . Here, we demonstrate the presence of inner-retinal, nonvisual ocular photoreceptors that specifically subserve these nonvisual photic responses. Intrinsically photosensitive retinal ganglion cells (ipRGCs) (2, 3) project to brain sites that mediate many of these ocular, yet nonvisual, responses to light, including the suprachiasmatic nucleus (SCN), the intergeniculate leaflet, and the olivary pretectal nucleus, which mediates pupillary light reflexes (PLR) (1) . The photosensitivity of these cells ex vivo depends on the presence of melanopsin (Opn4), a member of the opsin family of photopigment proteins (4 ).
Whereas melanopsin-deficient (Opn4 -/-) mice exhibit moderate attenuation in lightinduced phase resetting of the circadian oscillator (5, 6) and reduced PLR under high irradiance levels (4), most nonvisual photic responses in these mice remain largely intact. This suggests either the presence of additional inner-retinal photoreceptors, or contributions from the outerretinal classical photoreceptors to nonvisual photoresponses. To test the latter hypothesis, we generated mice that were deficient in both melanopsin and classical photoreceptors by breeding Opn4 -/-mice (5) with the C3H/HeJ mouse strain that carries the retinal degeneration (rd) mutation (7) . Mice homozygous for the rd allele are visually blind as a result of a primary degeneration of the rods and a secondary loss of cones, but they retain melanopsin-containing RGCs ( fig.  S1) -/-mice to a 24-hour light:dark (LD) cycle (8L:16D) (7). Under conditions of constant darkness (DD), mice have a free-running circadian locomotor period of less than 24 hours. However, in a 24-hour LD cycle, photic input to the oscillator makes a small phase adjustment in each cycle and synchronizes the clock to an exact 24-hour period (photoentrainment). Wild-type mice and the single Opn4 -/-and rd/rd mutants entrained normally and consolidated their wheel-running activity to the dark period of the LD cycle ( Fig. 1 ) as has been previously reported (5, 6, 8) . In contrast, the Opn4 -/-; rd/rd mice failed to entrain to the external lighting cycle and continued to exhibit free-running rhythms ( Fig. 1 and Table 1 ). In addition, increasing the light intensity to 800 lux during the photoperiod and increasing the photoperiod to 12 hours failed to entrain these mice ( Fig. 1 and Table 1 ; fig. S2 ).
All four genotypes exhibited free-running DD periods of Ͻ24 hours (Table 1) . Under constant light (LL) conditions, most nocturnal rodents demonstrate lengthening of their freerunning periods. In LL, wild-type and rd/rd mice free ran with comparable periods of more than 24 hrs. As has been previously observed (5, 6) , Opn4 -/-mice exhibited a slightly shorter (albeit Ͼ24-hour) period length in LL. The Opn4 -/-; rd/rd mice, however, continued to free run with an unchanged, Ͻ24-hour period length (Table 1; fig. S2 ), comparable to the period of free run in DD.
The entrainment phenotype of Opn4
; rd/ rd mice is thus comparable to that of bilaterally enucleated mice, which also free run in LD conditions (9) , suggesting that the entrainment deficiency in these mice is a result of a complete loss of photic input to a functioning oscillator in the SCN. Loss of photic entrainment has also been reported in math5 -/-(10), a mutant that fails to develop most RGCs, and in anophthalmic mice (11) . However, the intrinsic period length of the oscillator in these mice is lengthened. We suspect that the Opn4
; rd/rd mouse does not mimic these severe developmental mutants owing to the presence of an intact optic nerve and, presumably, retinohypothalamic tract. Most likely, a light-independent interaction between the inner retina and the SCN neurons is necessary to finely determine the free-running period of the SCN oscillator.
Acute suppression of activity (masking) was tested by a brief pulse of light during the dark phase of the LD cycle (7). Opn4 -/-mice showed reduced masking responses to a 2-hour pulse of white light (100 or 800 lux) administered during the first half of the dark phase (Fig.  2) . However, considerable variability was seen in this response; masking was found to be further reduced in the presence of an unlinked genetic locus (fig. S3) ; rd/rd mice demonstrates the partially redundant role of these light-signaling pathways.
The PLR to 470-nm blue light was compared among wild-type, Opn4 -/-, rd/rd, and Opn4 -/-; rd/rd mice (7). The PLR of Opn4 -/-and wild-type littermate control mice were comparable, although at high irradiance levels the maximal pupillary constriction of Opn4 -/-mice was less than that of the wild type, as has been previously reported (4) . Whereas rd/rd mice showed a ϳ1 logarithmic unit decrease in sensitivity compared with wild-type animals (12, 13), Opn4 -/-; rd/rd mice showed no pupillary constriction at any intensity tested ( Fig. 3; movie S1 ). These mice showed normal pupillary constriction after topical application of pilocarpine, suggesting no defect in pupillary motor function (14) . Thus, melanopsin is absolutely required for PLR in rd/rd mice.
The synthesis of the pineal hormone melatonin is acutely suppressed by light (15) . Photic suppression of melatonin also persists in the absence of rods and cones (16) verse transcription polymerase chain reaction (7). Wild-type, rd/rd, and Opn4 -/-mice demonstrated photic inhibition of AA-NAT mRNA transcription. In contrast, Opn4 -/-; rd/ rd mice showed no photic inhibition of AA-NAT transcription (Fig. 4) .
The most parsimonious explanation of the severe deficiency in nonvisual photic responses in the Opn4 -/-; rd/rd mice is that either the melanopsin-containing ipRGCs or the classical outer-retinal photoreceptors are sufficient for transducing photic information to critical brain areas. At least partial functional redundancy, thus, exists between rods and/or cones and melanopsin-containing ipRGCs for nonvisual photoreception. Whether the classical photoreceptors function by signaling "through" the ipRGCs (by way of synaptic input to these cells) is not known, but it is suggested by the synaptic contacts of bipolar and amacrine cells onto melanopsin-expressing ipRGCs (18) . Differences in the neurocircuitry and downstream signaling pathways may underlie the observed differences in the relative contributions of classical rod and cone photoreceptors and of melanopsin-containing ipRGCs to nonvisual photophysiology.
The complete loss of photic responses in Opn4 -/-; rd/rd mice also demonstrates that no additional photopigments are required for nonvisual photic signaling. Cryptochromes, which function as circadian photopigments in Arabidopsis (19) and Drosophila (20) , are also expressed in the mammalian eye (21) . However, a subset of rd/rd mice lacking cryptochromes still shows masking responses (22) , and pupillary responses are intact under very bright light (13) . Melanopsin appears to be expressed normally in eyes of cryptochrome-deficient mice (22) . It would thus appear that the primary photopigment in nonvisual photoreception is melanopsin dependent, but not cryptochrome dependent.
Multiple photoreceptor systems thus subserve ocular nonvisual photic responses. The integration of photic input from multiple photoreceptors appears to be common to circadian systems across phylogeny and has been noted in Neurospora, Arabidopsis, and Drosophila (23, 24) . Presumably, the unique characteristics of each photopigment system and photoreceptor cell type contribute to this integrated response. Fig. 2 . Acute suppression of locomotor activity by a 2-hour pulse of white light during the early night. The activity suppression is estimated by comparing the percent of daily activity during the time of light pulse (target activity) with the average percent daily activity during a comparable time over three previous nights (control activity) and is calculated as 100 ϫ [(control activity -target activity)/control activity]. Values from individual animals (diamonds) as well as group average values (horizontal bars) are shown. ). Fig. 4 . Photoinhibition of the nocturnal AA-NAT mRNA levels by extension of light (800-lux white light) into the anticipated dark phase. Values represent the mean (ϮSEM) for the logtransformed ratio of AA-NAT mRNA in mice exposed to light compared with that of genotypepaired, dark-exposed controls.
